A SULPHUS TM biotrickling filter (BTF) and an ACTUS TM polishing activated carbon filter (ACF) were used at a wastewater treatment plant to treat 2,432 m 3 ·h À1 of air extracted from sewage sludge processes. The project is part of Thames Water's strategy to reduce customer odour impact and, in this case, is designed to achieve a maximum discharge concentration of 1,000 ou E ·m À3 . The odour and hydrogen sulphide concentration in the input air was more influenced by the operation of the sludge holding tank mixers than by ambient temperature. Phosphorus was found to be limiting the performance of the BTF during peak conditions, hence requiring additional nutrient supply.
INTRODUCTION
The treatment of odour pollutants released from wastewater processes by biofilters and biotrickling filters (BTFs) are a proven technology (Shammay et al. a) . Already in Germany in the late 1980s biofiltration was a more common technology than chemical scrubbing, due to its high efficiency achieved with slightly lower capital investment and operating costs (Frechen ) . Indeed, not even 20 years later industrial chemical scrubbers were successfully refurbished into BTFs for hydrogen sulphide (H 2 S) and odour abatement in wastewater treatment plants (WWTPs) in the United States (Gabriel et al. ) . This work showed that BTFs can treat inlet H 2 S concentration fluctuating between 5 and 40 ppmv at empty bed residence times (EBRTs) of 1.8-2.2 s with outlet H 2 S concentrations below 0.8 ppmv. The authors also estimated savings in chemicals and electricity in the range of $10,000-50,000 per year per scrubber, depending on the H 2 S loading. An additional advantage is chemical-free odour treatment, yielding worker health and safety advantages as a result of not using hazardous chemicals. Thames Water operates an estate of approximately 116 odour control units, the majority of them operating with BTFs or biofilters.
BTFs with plastic media have a clear advantage against biofilters packed with organic materials when operational costs in the whole life costs of the odour control biotechnologies are considered. When H 2 S is present in the air, the chemoautotrophic bacteria immobilised on the media of BTFs use H 2 S as their energy source, oxidising it to sulphuric acid, thereby fixing carbon dioxide as a carbon source for growing. Genus Thiobacillus includes acidophilic bacteria able to grow at the low pH values of the biofilms treating H 2 S-polluted streams (Smet et al. ) . These acidic biofilms degrade organic and some inorganic media, reducing their life time to 1-4 years and provoking compaction problems, increasing the pressure drop and creating air preferential paths that can lead to performance failure. There are evidences (Chitwood & Devinny ) that even lava rock used in biofilters can be dissolved at a linear rate of 0.06% per day (i.e. 22% a year) at only a pH of 3.5, which can be significant in the long term operation of systems. These authors indicated that some media crumbled when handled, and tests with different lava rock exposed to diluted sulphuric acid during 120 days at pH values between 0.5 and 2 lost between 27.8 and 8.5% of their initial weight. Hence, replacement costs of the media must be considered when selecting odour control bioreactors for H 2 S duty. Estrada et al. () determined that the contribution of work for media replacement for the biofilters (labour, transport and handling, disposal and maintenance) accounted for 29% of the overall operating costs. This percentage increased to 47% of total operating costs despite the much lower initial cost of compost and perlite compared to BTFs equipped with plastic media. The operational costs of the BTF were 40% lower than that of conventional biofiltration, and 3 and 6 times lower compared to chemical scrubbing and activated carbon respectively. Using structured plastic media in BTFs has advantages over random plastic media, since structured packings have higher specific surface area per unit volume. Due to their configuration and void fraction they also present lower gas-phase pressure drop and can handle higher biomass growth than random packing (Govind & Narayan ) , besides exhibiting greater mass transfer coefficients (San-Valero et al. ). These characteristics make structured media highly appropriate for odour control both with or without the presence of high concentrations of H 2 S (Lafita et al. ; Sempere et al. ) .
Sludge treatment processes are one of the main sources of odours in WWTPs as identified from intensive data surveys (Frechen ; Capelli et al. ) . Frechen () also measured the odour capacity of different liquids, raw sludge dewatering liquor giving the highest values. Although normally H 2 S is the odour pollutant considered when designing odour control systems in WWTPs, reduced organic sulphur compounds need to be considered as they are also normally present (Van Langenhove et al. ). These compounds present substantially lower elimination capacities (Giri et al. ) , which implies the need for larger reactors to operate at higher EBRTs. The presence of these compounds in moderate concentration can make the air stream more difficult to treat, making its abatement even more challenging when highly variable concentrations occur, since it is well known that biotechnologies perform better at relatively stable inlet concentrations (Sempere et al. ) . In addition, compounds such as methyl mercaptan (MeSH), besides lower biodegradability, present a lower odour detection threshold than H 2 S. For difficult conditions, using activated carbon might be essential in order to obtain the desired stack concentration. Estrada et al. () , using a semi-quantitative evaluation, indicated that the robustness of BTF followed by activated carbon filters (ACFs) was double that of a stand-alone BTF, biofilter or wet chemical scrubber.
The work presented herein evaluates the long term performance of a BTF followed by an ACF, treating emissions from raw sludge holding tanks at a WWTP located in the United Kingdom. Thames Water is the largest water company in the UK, serving 9 million customers with potable water and treating the wastewater from 15 million customers in London and the Thames Valley. Thames Water operates 351 sewage works (STWs) that range in a population equivalent size between 5 and 3,300,000. Nearly all these STWs are over 40 years old and were built to conventional open tank design. There are over 230,000 properties in the company's catchment within 1 km of a STW. In addition, Thames Water operates about 2,600 pumping stations, some of which are located in central London. These facts illustrate the likelihood of impact of odours that escape from the sites (Winter et al. ) . This project is part of Thames Water's strategy to reduce customer impact and, in this case, to achieve a maximum discharge concentration of 1,000 ou E ·m À3 after the ACF. The project also aims to reduce investment and operational costs, determining if a stand-alone BTF packed with structured plastic media can reach concentrations under 2,000 ou E ·m À3 , especially at EBRTs below the minimum 30 s indicated in Thames Water's asset standard (Thames Water ). This minimum EBRT is a result of Thames Water's extensive experience operating BTFs using random media.
METHODS
Biotrickling filter system (SULPHUS TM ) and activated carbon unit (ACTUS TM )
The SULPHUS TM BTF and ACTUS TM ACF were supplied by Pure Air Solutions (The Netherlands). The BTF was filled with OdourPack TM structured plastic packing material of 400 m 2 ·m À3 specific surface area and 95% void fraction.
The packing was of 5 m height, comprising five packed beds of 1 m height each. It is significant to indicate that the configuration of the vessel, with air ports after each bed, enabled determination of the performance in terms of odour and pollutant abatement at EBRTs of 10, 20, 30, 40 and 50 s simultaneously without varying operational conditions. The media volume was influenced by the need to treat MeSH, with inlet design values of 10 ppmv. Final effluent from the WWTP was used to irrigate the media in downflow mode, counter-currently with respect to the air flow rate. Spraying was done intermittently at a constant flow rate, ensuring the packing was properly wetted. Automatic adjustment of spraying was done based on the water pH drained from the BTF. Intermediate water ports were also included to allow measurement of the pH of the water at a location upstream of each packed bed. Drain water from the BTF was directed back to the inlet works of the WWTP. A nutrient dosing system consisting of a diaphragm metering pump (LMI P16 Roytronic, Milton Roy, France) connected to the spraying liquid inlet pipe, and a 50 L tank with a nutrient solution (20 gN·L À1 and 6.5 gP·L À1 ) was installed on September 20th 2016.
The pre-treatment of the air with the BTF allowed the EBRT in the ACF unit to be small, at 3 s, guaranteeing one-year media life time. The medium installed was 4 mm pelletised activated carbon from bituminous coal impregnated with 2.5% w:w copper oxide. A photograph and a schematic diagram of the system are shown in Figure 1 .
The biological commissioning of the system was carried out in December 2015 using activated sludge from the WWTP as seed, and was monitored until December 2016. Odorous air from several sludge process sources was extracted to the system feeding a total average of 2,432 ± 121 m 3 ·h À1 during the monitoring period (Figure 1 ). 20% and 26% of the air flow rate came from sludge holding tanks 1 and 2 respectively, 42% from the surplus activated sludge (SAS) thickening building and the rest from the sludge drain. The two covered and ventilated sludge holding tanks were the main source of odour. The tanks received thickened SAS from a surface aeration activated sludge plant (Tank 1) and raw primary sludge from conventional primary settlement tanks (Tank 2). SAS was thickened by a gravity belt thickener. The tanks were dedicated for the respective sludge; however, both tanks contained a mixture due to pipe interconnections. Both tanks were air-mixed intermittently. Sludge was tankered off site several times a day, resulting in variable sludge volumes in the tanks. The WWTP practices chemical phosphorus removal using iron salts.
Analytical methods
The system was equipped with instrumentation for continuous monitoring: air flow rate (MicaFlex PFT, AB Micatron, Sweden), inlet H 2 S concentration (Q45S, Analytical Technology, USA), stack H 2 S concentration for 0-1,500 ppbv (Element H 2 S, Pollution Monitors, UK), pH of drain water (Orbisint CPS11, Endress þ Hauser, Germany). Periodically olfactometry samples from the inlet and outlet streams were collected in duplicates using the lung method (creating a negative pressure around the sampling bag), and submitted within 24 h to an accredited laboratory in accordance with BS EN13725. Single samples from the intermediate ports were also collected periodically at different inlet conditions. These intermediate sample ports were also checked to determine the reliability of the results. A pulse of propane gas was applied and measured at each port with a photoionisation detector (Tiger LT, Ion Science, UK) calibrated with isobutylene standard, confirming that the propane peak was detected at the correct EBRT. Only one propane peak was measured, which confirmed the lack of air channelling through the packing.
H 2 S concentrations were also measured regularly with a Jerome 631 Analyser (Arizona Instruments, USA), total volatile organic compounds (VOCs) concentrations were measured using the photoionisation detector, ammonia (NH 3 ) and MeSH were measured using detection tubes (Kitagawa, Japan). Water samples were punctually analysed at an accredited laboratory for the determination of sulphate, nitrate, ammonium, and phosphorus to monitor nutrient limitation in the biological process, since nitrogen and phosphorus are essential nutrients for the synthesis of new biomass.
RESULTS AND DISCUSSION

Emission characteristics
The characteristics of the emission were found to depend on the operation of the air mixers of the sludge holding tanks, which were working sequentially three times per day lasting two hours each time. When mixers were not in operation, even in summer, appreciable peaks of H 2 S concentration at the BTF inlet were absent. Different H 2 S emission concentrations were seen, depending on the tanks, and independent of ambient temperatures. As can be seen in Figure 2 (a), similar peaks of H 2 S concentration were obtained for two days at very different inlet air temperatures: 19 C and 0 C wet bulb temperatures. The tank containing predominantly SAS (Tank 1) gave the higher peaks of H 2 S, and the raw sludge tank (Tank 2) presented a higher emission of odour associated to organic compounds. However, it is unclear if this was related to the type of sludge or septicity caused by prolonged sludge retention in the holding tanks and/or the sludge treatment processes. Sometimes air mixing in Tank 1 did not result in expected emissions, which could possibly be attributed to the small amount of sludge in the tank. This suggests that the operation of the tank mixers can be optimised to avoid elevated emission of odours, as far as it does not affect negatively on the operation of the WWTP. Under steady operation, lower H 2 S concentrations are expected at lower temperatures, as Lafita et al. () experienced in a BTF unit treating odours from headworks of a WWTP, measuring values below 5 ppmv for inlet air temperatures below 5 C.
The input of VOCs and MeSH to the system followed the same trend as H 2 S. During baseline operation, MeSH was not detected, and total VOC levels were below 4.5 ppmv (isobutylene equivalents). During peak episodes, VOCs values around 17 ppmv were measured and MeSH was detected between 1.5 and 5 ppmv inlet concentrations. This discontinuous 6-10-fold increase of the H 2 S load from baseline values below 10 ppmv made the treatment of this air stream very challenging for a biotechnology. In terms of odour, the peaking factor was even higher due to the presence of organic compounds, up to 26 times the baseline concentration, confirming the need for a polishing system. During the peak episodes, the ACF was needed to secure compliant values of H 2 S and odour concentration at the stack. 
Performance of the BTF during baseline operation
At H 2 S values below 10 ppmv, during baseline operation, the performance of the BTF was very good, achieving odour concentrations between 266-1,647 ou E ·m À3 in the outlet of the bioreactor, some of them even lower than at the stack after the polishing ACF (reason explained later). Water sample ports 3 and 4 were obstructed, but measurements in the two bottom ones (ports 1 and 2) showed a depletion of nitrate, negligible ammonium, pH values around 8 similar to the one of the final effluent and a slight increase in the sulphate concentration from final effluent values of around 65 mg·L À1 . The effluent from the BTF presented a pH of 2.6, and ammonium and sulphate concentrations of around 31 and 700 mg·L À1 respectively. The huge changes over the first metre of packing material confirm that H 2 S was mostly removed in the first 10 s of operation. Regarding VOCs (Figure 3) , the inlet section of the bioreactor also removed most of the load, but the whole bed of the BTF was required to achieve VOC levels below 1 ppmv. Although the impact of VOCs in terms of odour in the inlet of the system could be important, in the outlet stream of the BTF it was not critical. Organic sulphur compounds such as dimethyl sulphide have a low odour threshold; however, other VOC compounds detected in WWTPs have odour detection thresholds several orders of magnitude higher than H 2 S and MeSH (Dincer & Muezzinoglu ) . This suggests that most odorous VOCs were removed in the BTF.
Wrong input settings that disabled the irrigation time of the BTF during 6 days proved the robustness of the BTF. Restoring the water addition just the day before the odour measurements performed on 8th June 2016 was enough to reach an outlet concentration of 1,647 ou E ·m À3 (value which is within the relative standard, uncertainty for 1,000 ou E ·m À3 for duplicate samples according to BS EN13725). In this case, the whole bed was necessary to obtain a high H 2 S removal.
Performance of the BTF during peak operation
Water analysis performed revealed that the phosphorus concentration in the final effluent used to spray the system was very low, with values in the range of 0.04-0.40 mgP·L À1 . Stoichiometric equations derived from thermodynamic analysis of sulphide oxidation to sulphate using oxygen as electron acceptor result in nitrogen requirements of 0.016 gN·gS À1 (Yavuz et al. ). Phosphorus requirements for normal microbial growth can be estimated as one-fifth of the nitrogen requirements on a mass basis (Grady et al. ) . Ammonium concentrations in the spraying water were in the range of 0.09-2.67 mgN-NH 4 þ ·L À1 , but nitrate with concentrations in the range of 3.4-8.2 mgN-NO 3 À ·L À1 did not seem to be compromising performance and could be achieved by increasing the spraying time of the BTF. In addition, NH 3 values were in the range of 0-4 ppmv in the inlet air, which could be used as a nitrogen source when solubilised in the biofilm. On the other hand, phosphorus could limit the process especially during the peak load events. A nutrient dosing system was necessary to increase the phosphorus concentration above 1 mg·L À1 , as previously experienced by Lafita et al. () , and the minimum value to give a performance guarantee using the SULPHUS TM technology. The nutrient dosing system was subsequently installed, which brought the concentration of the drain water consistently above 2 mgP·L À1 . It has to be noted that nutrient addition was performed only during the initial 17% of each irrigation cycle. Percolate rate lasted longer than the irrigation time, so due to this variable flow rate and intermittent spraying, it was not possible to perform an accurate nutrient uptake mass balance. The effect of the nutrient limitation on the performance of the BTF during a peak episode is shown in Figure 4 . In Figure 4 (a) there is only partial removal of H 2 S at 20 s of EBRT while during baseline operation H 2 S was completely removed at only 10 s. Even using the complete bed at 50 s EBRT, H 2 S values were around 1 ppmv. The supply of nutrient enhanced the performance (Figure 4(b) ), achieving outlet values from the BTF below 30 ppbv during the complete monitoring of an H 2 S peak. Odour measurements were performed during a peak episode, when the nutrient limitation was evident with an odour removal efficiency (RE) of the bioreactor of just 78.4% (Figure 5, 18th August). Since then, the operation of the mixers was changed to be sure the olfactometry samples were taken during the peak events in order to evaluate the effect of the nutrient addition. After only one week of nutrient supply the performance of the BTF increased; on 28th September ( Figure 5 ) in spite of the 4.6 times higher inlet odour concentration of 121,072 ou E ·m À3 a RE of 97.2% was achieved with 22 ppmv H 2 S inlet concentration. Indeed, a very high performance of 96.9% was obtained at only 20 s of EBRT considering the challenging characteristics of the emission. Further measurements performed at lower ambient temperatures in October and November ( Figure 5 ) demonstrated the good performance of the BTF at elevated H 2 S and odour concentrations, with odour REs of 89.3 and 92.4% respectively. The pH of the drain effluent during these two days was 2.8 and 3.6, confirming the biodegradation of H 2 S. It is important to note that 0 C was the minimum inlet air temperature at which olfactometry was performed, therefore at these conditions and with the highest odour concentration of 196,647 ou E ·m À3 an excellent performance was achieved with a 9-fold increase in odour elimination capacity (EC) with respect to the peak measurements at higher ambient air temperatures. During the BTF operation without nutrient supply, an average EC of 9.8·10 5 ou E ·m À3 ·h À1 with an average odour RE of 87.2% was obtained. Under nutrient supply, the average odour EC increased to 82.7·10 5 ou E ·m À3 ·h À1 while increasing also the average odour RE to 93.0%. In terms of H 2 S, ECs up to 5 gH 2 S·m À3 ·h À1 were achieved with a 98.9% RE at 50 s. More data would be needed to evaluate the performance of the BTF at the intermediate ports (lower contact times) during peak episodes and with the supply of nutrients, especially during warm temperatures of summer.
The nutrient addition helped effective treatment of MeSH even at 10 s EBRT in September (results not shown), obtaining ECs between 0.43-1.16 gMeSH·m À3 ·h À1 and efficiencies between 90-100%. Removal of VOCs also improved, reaching outlet concentrations between 0.4-1.7 ppmv, despite VOC inlet values higher than 15 ppmv. The low odour measurements in September ( Figure 5 ) suggest that these values are already obtained at only 20 s EBRT, and that the removal of VOCs was limited during baseline operation before additional nutrient supply. Lafita et al. () , operating a SULPHUS TM BTF under typically variable inlet works H 2 S concentrations, found that an EBRT of only 8.5 s was required to achieve an EC of 56 gH 2 S·m À3 ·h À1 with an RE of 99.5%. These authors also suggested a higher EBRT to deal with transitory periods from daily average inlet values below 10 ppmv of H 2 S in winter to daily average values around 100 ppmv of H 2 S when ambient temperatures increased. They reported 10-min average maximum ECs up to 120 gH 2 S·m À3 ·h À1 with 95% RE during the warm season operating below 10 s of EBRTs. These ECs are in line with the ones obtained by Sempere et al. () during the fast start-up of two SUL-PHUS TM BTFs at different inlet air temperatures. The system working at inlet values of 18 C required 10 days reaching 57 gH 2 S·m À3 ·h À1 and 98% RE at 20.5 s of EBRT, while the system operated at 36 C required only 8 days to reach an average EC of 138 gH 2 S·m À3 ·h À1 and 100% REs at 50 s of contact time, dealing with H 2 S values up to 3,500 ppmv. This confirms that, at lower H 2 S loads but with discontinuous transient peaks in terms of pollutant concentrations such as the ones characterised in this project, a higher EBRT in the BTF and a polishing unit is required to secure the design stack standards, especially if these peaks also occur when operating the BTF at low temperatures.
Performance of the BTF þ ACF system
As can be seen in Figure 5 , on two occasions stack values were higher than at the inlet of the ACF, meaning a negative removal. This has also been experienced by Shammay et al. (b) with organic sulphides using different type of activated carbons in field systems. Therefore two samples of carbon from the top of the vessel and underneath the carbon bed surface were taken and analysed in an external laboratory, showing below 1.20% w:w of total VOCs and only 0.36% w:w of sulphur. Bottom carbon samples could not be taken to compare with, but these values confirmed that, although carbon was not saturated, breakthrough of pollutants was already occurring. Using impregnated carbon, H 2 S would be expected to be oxidised and desorption would not be possible; but Huang & Chen () demonstrated that physical adsorption and chemical reaction were simultaneous processes, physical adsorption having a shorter breakthrough time than chemical. Hence, when H 2 S is physically adsorbed it can also be desorbed (Bandosz ) during periods with lower inlet pollutant concentration, as happens in systems where ACFs can be used in front of BTFs to desorb during low-emission periods the VOC previously adsorbed in the activated carbon. This configuration avoids starvation periods for the bacteria in the BTF and enhances the performance of the bioreactor (Sempere et al. ) .
H 2 S could also be displaced, by the concentration roll-up phenomenon, by other compounds present in the emission due to competitive adsorption leading to sudden concentration peaks after the unit (Arespacochaga et al. ) . Indeed this is what explains the H 2 S data observed in Figure 2 (a) and 2(b). During the baseline and the peak episode correlated with Tank 1 mixer operation there is barely a desorption/displacement of H 2 S, but it is during the lower inlet H 2 S peak of 15 ppmv corresponding to Tank 2 mixing that a concentration up to 60 ppbv in the stack is obtained in August. It should be noted that this value and the values in Figure 6 (b) still meet the requirement of the takeover testing as H 2 S removal based on design criteria in Thames Water's asset standard. The difference in behaviour between the peaks created by the mixing of the two tanks could be associated with variable VOC speciation, residence time in the tanks or concentration in the sludge, since compounds and their concentrations change along the wastewater treatment process (Escalas et al. ) . Under nutrient limitation, the removal of VOCs in the BTF provided a higher concentration in the inlet of the ACF that produced a higher displacement of H 2 S. As has been explained above, once nutrients were supplied the removal of VOCs increased, therefore feeding lower VOC concentrations to the ACF that decreased H 2 S displacement from the carbon and provided a stable operation during both baseline and peak conditions. Figure 6 shows the performance of the system during the last month of the monitoring period, with an average stack concentration of only 1.5 ppbv. It can be observed how displacement peaks of H 2 S were much lower than the 147 ppbv measured during the olfactometry campaign of 4th April, which were associated to 2,161 ou E ·m À3 . This indicates that carbon was not saturated and did not need replacement, since monitoring H 2 S is used in this system as an operation indicator of carbon replacement.
A polishing system based on BTF would avoid the rollup phenomenon, since removal of VOCs down to trace levels is not necessary to reach low odour concentration due to their low impact in the outlet odour load. But when using polishing ACFs, VOC values above 1.7 ppmv seem to have an importance in the process mechanisms in the activated carbon, desorbing smaller and more odorous molecules like H 2 S. A second stage BTF, compared to enlarging the first stage BTF, would facilitate spraying water distribution, as well as operational flexibility with different spraying regimes in each stage. This would also save energy consumption, since the pressure drop of the BTF was only 325 Pa, while over the ACF it was 800 Pa. Nevertheless, this configuration would require testing.
CONCLUSIONS
The emission of H 2 S and odour was more influenced by the turbulence created by the intermittent operation of the air mixers in the sludge holding tanks than by ambient temperature. During these periods, a high rate of change of the pollutant and odour emission fed to the BTF was observed compared to the non-operation of the mixers, which provided a stable baseline emission.
During baseline operation, the BTF was able to meet odour concentrations below 1,500 ou E ·m À3 at only 10-20 s of EBRT and as low as 266 ou E ·m À3 at 50 s, treating inlet odour values of 34,529 ou E ·m À3 . This good performance was achieved despite the phosphorus limitation in the final effluent used to spray the BTF.
During peak periods, the supply of nutrients contributed to a high performance in the BTF, reaching at 20 s of EBRT a 97% odour removal for an inlet of 121,072 ou E ·m À3 . However, 2,000 ou E ·m À3 at the BTF outlet was not achieved under these challenging intermittent conditions. During these periods, the polishing ACF unit was necessary to reach below the design specification of 1,000 ou E ·m À3 at the stack. Total VOCs were found to have a low odour impact at the stack, but their removal was required in order to avoid the displacement of the H 2 S previously adsorbed in the activated carbon. This, together with the good performance of the BTF at low odour loads, suggests that a polishing unit based on BTF instead of activated carbon could be feasible, robust, and better in terms of saving operational costs (carbon replacement and pressure drop).
The two-stage plant (BTF þ ACF) was compliant even during the mixing episodes. Due to the good performance of the BTF, the activated carbon exceeded its 12 months design life with a discharge odour concentration of only 139 ou E ·m À3 near the end of the guarantee period. This was in spite of the 9 months' operation of the BTF under nutrient limitation and a period of several days without spraying.
